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The human respiratory tract pathogen Bordetella pertussis is the major cause of whooping cough in infants and
young children, and also causes chronic cough in adults. B. pertussis infection damages ciliated epithelium in the
respiratory tract. However, the interaction of the bacterium with the respiratory mucosa is poorly understood, and
previous studies have either utilized animal tissue which may not be appropriate, or isolated cell systems which lack
the complexity of the respiratory mucosa.
We have studied the interaction of B. pertussis strain BP536 with human nasal turbinate tissue in an air-interface
organ culture over 5 days. We have also compared infection by BP536 with two other strains, Tohama I and
CN2992, to determine whether the interactions observed with BP536 are consistent, and, in both nasal turbinate
and adenoid organ cultures at 24 h, to determine whether there were dierences between tissue from dierent parts
of the respiratory tract.
BP536 adhered to cilia, most commonly at their base, and disorganized their spatial arrangement; they also
adhered to damaged tissue and muscus, but very rarely to unciliated cells. Within the first 24 h there was a five-fold
increase in bacterial density on ciliated cells, and the total number of adherent bacteria increased up to 96 h.
Infection caused increased mucus at 24 h and an increase in damaged epithelium from 72 h which involved both
ciliated and unciliated cells. The number of residual ciliated cells did not decrease after 72 h. The three dierent
strains of B. pertussis exhibited similar interactions with the mucosa, and there was no tissue specificity for adenoid
or turbinate tissue. We conclude that B. pertussis adhered to multiple sites on the mucosa and caused hypersecretion
and epithelial damage which are the pathological changes described in vivo.
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Bordetella pertussis is a respiratory tract pathogen in man,
who is the only host of the bacterium. It is the major cause
of whooping cough in infants and young children (1,2),
although infection is also recognized in adults where it can
cause chronic cough (3,4). Future vaccine research would
be enhanced by a better understanding of the pathogenic
mechanisms by which the bacterium infects the respiratory
mucosa. Early in this century Mallory and Hornor
characterized pertussis infection as a non-invasive bacterial
colonization of ciliated cells in the respiratory epithelium
(5). The bacterium damages the epithelium, and moreReceived 8 June 1999 and accepted in revised from 13 March 2000.
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0954-6111/00/080791+09 $35?00/0recently this has been confirmed by nasal biopsies taken
from children with whooping cough (6). The consequent
impairment of mucociliary transport is thought to be
responsible for the paroxysmal coughing and choking
which characterizes the illness.
Experimental models of pertussis infection have utilized
laboratory animals, organ cultures constructed from animal
tissue, epithelial cell lines and isolated cell systems. These
experiments have provided important information about
the interaction between B. pertussis and the respiratory
mucosa, but animal tissue may not be appropirate because
of the species specificity of the bacterium, and the other
systems lack the complexity of the respiratory mucosa (7).
In mice large inocula of bacteria disrupted the ciliated
epithelium and were lethal, but the lungs also showed
secondary bacterial infection (8). B. pertussis adhered to
cilia of human epithelial cells and was seen close to the cell
body (9). Filamentous haemagglutinin (FHA) and pertactin
have been proposed as bacterial adhesins (10–13) at this# 2000 HARCOURT PUBLISHERS LTD
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that after several days epithelial cell injury occurs resulting
in cessation of ciliary beating (14,15).
Goldman and colleagues purified tracheal cytotoxin
(TCT), a peptidoglycan fragment from culture supernatants
of B. pertussis, which caused progressive cytotoxic changes
in ciliated cells of hamster tracheal organ cultures (16–18).
They suggested that the cytopathic eects of TCT were
specific for ciliated cells, although in another study both
ciliated and unciliated human nasal epithelial cells were
damaged by the toxin (6). In addition to TCT, B. pertussis
produces a number of biologically diverse toxins which are
thought to act in concert during the infectious process.
Previous studies have suggested that B. pertussis attaches
to cilia and then causes cell damage, but no information is
available about its interactions with the intact human
respiratory mucosa. The aims of the present study were to
investigate the interaction of B. pertussis strain BP 536 with a
human respiratory tissue organ culture over 5 days; and to
compare the results of BP 536 with two other B. pertussis
strains that have been investigated in other systems. We have
also compared results obtained with nasal turbinate tissue to
adenoid tissue to see if there were dierences in the
interactions of bacteria with tissue taken from dierent parts
of the respiratory tract. We have used human tissue in an
organ culture system with an air interface (19), since previous
work has shown that the presence of cell culture medium
influences bacterial interactions with epithelial cells (20).
Materials and methods
TISSUE
Human nasal turbinate and adenoid tissue were resected
during surgery undertaken because of nasal obstruction
and recurrent infections respectively. Tissue was placed
immediately into minimal essential medium containing
25mM HEPES without L-Glutamine (MEM; Gibco, Paisley,
U.K.) containing penicillin 50Uml71, streptomycin
50 mgml71, gentamycin 50 mgml71 and transported to the
laboratory. Turbinate tissue was removed from the bone,
and dissected aseptically into 3–4 mm squares with a
thickness of 1–2 mm. The epithelial surface of adenoid
tissue was dissected aseptically into similar sized pieces. The
tissue was examined by light microscopy and only pieces
with at least one fully ciliated edge were used in
experiments. Selected tissue squares were incubated in
MEM containing antibiotics in a humidified atmosphere
with 5% CO2 at 378C for a minimum of 4 h to remove
commensal flora and were maintained in MEM with
antibiotics for up to 5 days before inoculation with
bacteria, with daily medium changes. Before construction
of the organ culture the tissue was transferred to antibiotic-
free MEM for a minimum of 4 h.
ORGAN CULTURE CONSTRUCTION
Air-interface organ cultures were constructed as previously
described (19–21). In one experiment, tissue was utilizedfrom a single patient, and each experiment utilized tissue
from dierent patients. Briefly, a sterile 35 mm petri dish
(Greiner Labortechnik Ltd., Stonehouse Gloucestershire,
U.K.) was placed inside a sterile 50 mm petri dish (Greiner).
A strip of sterile filter paper (Whatman No 1, Whatman,
Maidstone, U.K.) 5mm680mm was soaked in MEM
without antibiotics. The strip was positioned across the
inner dish with the centre touching the base of the inner
dish and the ends dipping into the outer dish. A single
square of tissue was placed, epithelium side upwards, on the
centre of the filter paper strip. Twenty microlitres of 1%
molten agar (Oxoid No 1, Oxoid, Basingstoke, U.K.) was
pipetted around the edges of the tissue to seal it and allowed
to set. Care was taken to avoid formation of a rim of agar
above the tissue surface. Four millilitres MEM without
antibiotics were pipetted into the outer petri dish while the
inner petri dish remained dry. The filter paper acted as a
wick to supply nutrients from the outer petri dish to the
underside of the tissue. Organ cultures were maintained at
378C in a humidified atmosphere with 5% CO2 for a
minimum of 1 h prior to inoculation with bacteria.
BACTERIA
The three B. pertussis strains, BP 536 (12,22), Tohama I
(17,23) and CN 2992 (17,22,23) were cultured on Bordet–
Gengou agar (Difco Laboratories Ltd, West Molesley,
Surrey, U.K.) containing 10% sterile defibrinated horse
blood (TCS Microbiol Ltd, Boltolp Claydon, Buckingham,
U.K.) for 3 days. Bacteria were scraped o the plate with a
sterile disposable loop, suspended in 10ml phosphate
buered saline (PBS) and washed twice by centrifugation
in PBS. The pellet was re-suspended in 100 ml PBS. Two
micro-litres of this bacterial suspension was pipetted onto
each organ culture taking care not to touch the surface of
the tissue with the pipette tip. The exact number of bacteria
added was determined by viable cell count of serial
dilutions on Bordet–Gengou agar. Harvesting of bacteria
from plate cultures was used because of slow growth in
broth cultures. Experience in previous experiments found
that the viable count of the innoculum using this method
was approximately 107 cfu.
The organ cultures were incubated at 378C in a
humidified atmosphere with 5% CO2. The interaction of
BP 536 with turbinate tissue was investigated over the
period 025 to 120 h with daily medium changes. Because of
the number of organ cultures that can usually be
constructed from the tissue obtained from a single patient,
three dierent series of experiments were carried out: (A)
025 h; (B) 24, 48 and 72 h; and (C) 72, 96 and 120 h. Since
the series of experiments were conducted several months
apart the 72 h time-point was included in both series for
comparison. In a separate series of experiments the
interaction of each of the three strains with turbinate and
adenoid was compared at a 24 h time-point. At the end of
each experiment each tissue piece was checked for
contamination by touching the edges with a sterile
disposable loop which was then streaked onto Bordet–
Gengou agar. Additionally, three 20 ml samples of MEM
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contaminated organ cultures, together with the control or
infected organ culture from the same time point, were
discarded.
PREPARATION FOR SCANNING
ELECTRON MICROSCOPY
The filter paper was cut at approximately 2 cm from either
end of the tissue square. Samples were gently washed in
PBS before being fixed in 25% glutaraldehyde buered
with 005M sodium cacodylate at pH 72 for a minimum of
24 h. The tissue was processed though four buer washes
and post-fixed in cacodylate buered 1% osmium tetroxide
for 1 h. The tissue then underwent a graded series of
dehydrations in methanol to acetone followed by critical
point drying in carbon dioxide. After mounting on
aluminium stubs the tissue was sputter coated with gold
and examined at 15K in a Hitachi S-4000 scanning electron
microscope (Katsuta-Shi, Ibaraki-Ken, Japan).
MORPHOLOGICAL ANALYSIS
A morphological assessment of the mucosal surface was
made as previously described (20,21). A grid of 100 squares
(10610) was placed over the image on the VDU screen of
the electron microscope at magnification of 650. The grid
was used to select a representative sample of the total organ
culture surface. The sample was moved such that it was
positioned in the centre of the grid. Five squares to the left,
five to the right, five above and five below the centre point
were chosen, making a total of 20 squares, so that the area
of the organ surface surveyed was 0.018 mm2. Each square
was examined at a magnification of 62000 using the same
10610 grid. The number of squares occupied by mucus,
damaged epithelium, ciliated cells and uncilated cells was
recorded and the percentage of the examined surface
occupied by each feature calculated. The category of
damaged epithelium included extruded and extruding cells,
cell debris, basal cells and basement membrane. A
distinction was not made between secretory cells, unciliated
cells and cells which may have been stripped of their cilia.
BACTERIAL ADHERENCE
Using the same surveyed areas the number of bacteria
adherent to the organ culture surface were counted, and the
mucosal feature to which they adhered was recorded at a
magnification of 65000, as it was not possible to
enumerate the bacteria at a lower magnification. Occasion-
ally confluent sheets of bacteria obscured underlying tissue
features. The number of bacteria in these areas was
estimated and recorded as confluent separately from tissue
features. The density of bacteria associated with each
mucosal feature was calculated in order to compensate for
the dierent proportions of the organ culture surface
occupied by a particular mucosal feature. This was achieved
by dividing the total number of bacteria on a given featureby the percentage of the surface covered by that feature to
give the proportion of bacteria adhering per unit area
(1861074 mm2) at 65000 magnification to each mucosal
component (20,21). The total number of bacteria adhering
to an organ culture in the area surveyed (0018 mm2) was
also calculated.
STATISTICAL ANALYSIS
All specimens were coded and randomized before analysis.
The results are expressed as mean+SEM. Statistical com-
parisons were made using the Wilcoxon matched pairs and
the Kruskal–Wallis tests.
Results
BACTERIAL GROWTH
The organ cultures were inoculated with 2ml of bacterial
suspension with a range of 46106–46108 cfu. Experiments
with viable counts outside this range were discarded. There
were no significant dierences between mean viable cell
counts within each series of experiments, therefore compar-
isons between strains and experiments could be made.
Approximately 6% of experimental tissue pieces were
discarded due to contamination during the incubation
period. All results presented are from sterile control organ
cultures and infected organ cultures producing pure growth
of B. pertussis.
BP 536 INFECTION OF NASAL TURBINATE
ORGAN CULTURES OVER 5 DAYS
There was no change in the morphology of the control
tissue over the 5 day incubation period (Table 1), in
particular the proportion of the mucosal surface occupied
by ciliated cells was maintained. Although ciliary beat
frequency was not recorded cilia were observed to be still
beating on control tissue after 5 days in organ culture. BP
536-infected tissue had lower numbers of ciliated cells than
control tissue at 24 h and thereafter, with the decrease being
significant at 72 h (P5005) in series B and 96 h (P5001)
in series C. The amount of damaged tissue in infected
specimens increased with time, being significantly higher
than in controls at 72 h (P5005) in both series B and series
C. There was also a significant reduction in unciliated cells,
when compared to control tissue at 72 h (P5005) in series
B and 96 h (P5001) in series C. Mucus cover increased at
24 h (P5005) in series B, but this increase was not
maintained at other time-points. The proportion of the
tissue covered by confluent bacteria increased with the
length of time of culture. The proportion of ciliated
epithelium at the 72 h time-point was dierent in the
experimental series B and C. This may be explained by
better growth of the bacterium in the B series in which the
proportion of ciliated epithelium is less, illustrated by the
greater bacterial densities and total numbers of bacteria
present (Table 2).
TABLE 1. Morphology of human nasal turbinate organ cultures infected with Bordetella pertussis strain BP 536 over a period
of 5 days
Experiment
series
Mucus Damaged
epithelium
Ciliated
cells
Unciliated
cells
Confluent
bacteria
n
Control (h)
A 025 198+51 134+41 122+33 546+79 8
B 24 106+30 57+14 140+45 696+50 13
B 48 181+62 89+29 164+54 565+79 13
B 72 150+50 59+22 142+31 650+55 12
C 72 197+68 145+34 104+27 553+71 11
C 96 141+33 146+32 125+20 588+50 13
C 120 152+34 202+41 101+19 545+53 16
BP 536(h)
A 025 122+38 67+22 120+32 691+69 0 8
B 24 256+44* 94+28 67+18 564+65 19+13 13
B 48 135+37 117+31 82+14 598+55 68+44 13
B 72 175+37 26+59* 49+16* 439+91* 69+47 12
C 72 147+35 277+46* 133+39 402+60 41+27 11
C 96 15+26 351+44{ 43+10{ 337+46{ 119+54 13
C 120 153+39 422+47 66+15 290+47* 69+25 16
The percentage of each feature on the mucosal surface of uninfected and BP 536-infected human nasal turbinate tissue in an
air-interface organ culture over a 120 h period, expressed as mean+SEM, where n is the number of experiments using tissue
from dierent patients. *Significantly dierent from control at the same time point (P5005). {Significantly dierent from
control at the same time point (P5001)
TABLE 2. Density of Bordetella pertussis strain BP 536 associated with the mucosal features of nasal turbinate organ cultures
over a period of 5 days
Experiment
series
Time (h) Mucus Damaged
epithelium
Ciliated
cells
Unciliated
cells
Confluent
bacteria
Total
bacteria
n
A 025 125+257 763+386 433+259 24+13{ 1810+689 8
B 24 749+327{ 491+254* 2018+547 44+33{ 588+774 4793+2557 13
B 48 337+163* 1158+554 1489+667 88+67{ 1475+803 7249+3625 13
B 72 1186+432 1340+492 2309+731 32+21{ 1912+1000 13158+5217 12
C 72 699+429 368+126 224+111 67+59{ 1309+878 6072+1947 11
C 96 971+530 1431+335 1474+422 78+41{ 3877+1133 15614+4178 13
C 120 84.8+294 943+167 739+486 16+10{ 3375+868 14785+3159 16
The density of bacteria on each mucosal feature was calculated by dividing the number of bacteria counted on each feature by
the percentage of the mucosa occupied by that feature, to give the number of bacteria per unit area (0018 mm2), expressed as
mean+SEM, where n is the number of experiments using tissue from dierent patients. The total bacteria is the total number
counted on the twenty field assessed in the experiment, in 0018mm2. *Density significantly dierent from cilia at the same
time point (P5005); {Density significantly dierent from cilia at the same time point (P5001); {Density significantly
dierent from all other features at the same time point (P5005).
794 M. C. SOANE ET AL.Initially there were three sites of bacterial adherence: sites
of epithelial damage, ciliated cells and mucus. There were
no significant dierences between the three sites. Very few
bacteria adhered to unciliated cells. Within the first 24 hthere was a five-fold increase in bacterial density on ciliated
cells. Bacterial numbers did not increase between 96 h and
120 h, suggesting that they had plateaued (Table 2).
Broadly speaking, bacterial density increased on each tissue
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follows: bacteria showed a tropism for ciliated cells, which
was greater than for damaged epithelium and mucus, with
very low numbers adhering to unciliated cells. This
distribution was maintained at each experimental time-
point. When adherent to ciliated cells, the bacteria were
primarily associated with the cilia, and in particular with
the base of the cilia (Fig. 1). This disrupted the organization
of the cilia, which were seen to be bent in opposite
directions (Fig. 2), compared to control tissue where the
direction of the cilia was similar. As the number of bacteria
increased, they spread along the length of the cilia and at,
later time-points, almost obscured the cilia. Bacteria were
frequently observed adherent to cilia which were protruding
through mucus, or in mucus covering or adjacent to cilia.FIG 1. Scanning electron micrograph of B. pertussis BP
536 adhering to cilia in the organ culture at 24 h post-
infection. Bacillary forms are seen adhering to the base of
the cilia. Bar=25 mm.
FIG 2. Scanning electron micrograph of B. pertussis BP
536 adhering preferentially to cilia on human nasal
turbinate organ culture at 72 h post infection. Cilia on
uninfected organ cultures usually have similar orientation,
but cilia with adherent bicillary forms can be seen to be
bent in dierent directions so that their organization is
disrupted. Bar = 50 mm.Bacteria adherent to damaged epithelium were found in
association with either basal cells or extruded cells,
frequently extruded ciliated cells but rarely to basement
membrane (Fig. 3). Significantly more bacteria adhered to
cilia than to mucus at 24 h (P5001) and 48 h (P5005),
damaged epithelium at 24 h (P5005) and unciliated cells at
all time points (P5005). There was no significant
dierence between the bacterial density on damaged
epithelium and mucus at any time-point. Bacterial density
on unciliated cells was significantly lower than on any other
mucosal feature at all time points (P5005).
COMPARISON OF B. PERTUSSIS STRAINS
BP 536, TOHAMA I AND CN 2992 ON
NASAL TURBINATE AND ADENOID
ORGAN CULTURES AT 24 H
The interaction of the three strains of B. pertussis (BP 536,
Tohama I and CN 2992) with the mucosal surface of nasal
turbinate and adenoid organ cultures at 24 h was similar
(Tables 3 and 4).
With respect to turbinate tissue all three strains caused an
increase in the amount of mucus, with the increase being
significant for strains Tohama I (P5001) and CN 2992
(P5001). A decrease in the number of ciliated cells was
observed but was not significant at this time-point (Table 3).
The tropism of the three strains was similar, and all three
strains had a similar density on the dierent features
(Table 4); they adhered preferentially to ciliated cells,
substantial numbers adhered to damage and mucus but
there was very low levels of adherence to non-ciliated cells.
Adherence of BP 536 and CN 2992 to ciliated cells was
significantly higher (P5001) and to unciliated cells
significantly lower (P5001) than to other features.
Although Tohama I showed the same tropism the dierenceFIG 3. Scanning electron micrograph of human nasal
turbinate infected with B. pertussis BP 536 for 48 h.
Bacillary forms are seen in large numbers adhering to
extruded cells, including an extruded ciliated cell in the
bottom left corner. Very occasionally bacteria were seen
adhering to unciliated cells as seen in the centre of the
micrograph. Bar=50 mm.
TABLE 3. Morphology of human nasal turbinate and adenoid tissue organ cultures infected with Bordetella pertussis strains BP
536, Tohama I and CN2992 for 24 h
Mucus Damaged
epithelium
Ciliated
cells
Unciliated
cells
Confluent
bacteria
Turbinate
Control 73+18 49+11 152+31 726+29
BP 536 105+27 69+25 91+18 723+41 12+12
Tohama I 173+42* 39+11 109+27 664+56 14+14
CN 2992 201+63* 20+03 112+24 667+53
Adenoid
Control 382+77{ 103+32 184+47 330+100{
BP 536 342+84 327+46* 69+22 262+74
Tohama I 337+109 210+83 78+23 376+109
CN 2992 355+126 343+104 40+19 262+115
The percentage of each feature on the mucosal surface of human adenoid and nasal turbinate tissue in an air-interface organ
culture infected with three strain of B. pertussis, expressed as mean+SEM. n (the number of experiments carried out using
tissue from dierent patients) was 12 for turbinate and seven for adenoid. *Significantly dierent from the control (P5001);
{Adenoid control significantly dierent from turbinate control (P50.01).
TABLE 4. Density of Bordetella pertussis strains BP 536, Tohama I and CN 2992 associated with nasal turbinate and adenoid
tissue organ cultures infected for 24 h
Mucus Damaged
epithelium
Ciliated
cells
Unciliated
cells
Confluent
bacteria
Total no. of
bacteria
Turbinate
BP 536 362+216*,{ 363+249*,{ 952+356{ 08+04 1275+857 2697+1569
Tohama I 290+150{ 264+153 409+161{ 05+02 615+615 2372+1519
CN 2992 302+159*,{ 243+176*,{ 1029+411{ 08+04 1758+591
Adenoid
BP 536 219+94 142+109 699+344 11+07 1262+485
Tohama I 67+38 23+15 224+124 04+04 313+124
CN 2992 19+13 16+10 341+197 02+02 471+250
Bacterial density was calculated by dividing the number of bacteria counted on each mucosal feature by the percentage of the
surface occupied by that feature to give the number of bacteria per unit area (0018 mm2). n (the number of experiments
carried out using tissue from dierent patients) was 12 for turbinate and seven for adenoid. *Significantly dierent from
ciliated cells (P5001); {Significantly dierent from unciliated cells (P5001).
796 M. C. SOANE ET AL.was only significant for ciliated cells and mucus which were
significantly higher (P5005 and 001, respectively) than to
unciliated cells.
The morphology of uninfected adenoid tissue diered
from turbinate tissue in that there was significantly more
mucus (P50001) and fewer unciliated cells (P5001) on
adenoid tissue. There was no dierence between the three
strains with respect to either their eect on adenoid
morphology or the density bacteria adhering to each
mucosal feature (Tables 3 and 4). Infection of adenoid
tissue by all three strains caused an increase in the amount
of damaged epithelium at 24 h, with this being significant
for BP 536 (P5001). There was a decrease in the numberof ciliated cells with all three strains, but this was not
significant. The levels of mucus and unciliated cells
remained unchanged. All strains showed a similar tropism
for adenoid mucosal features as for turbinate, adhering
preferentially to ciliated cells, then to mucus and damaged
epithelium, with very few bacteria adhering to non-ciliated
cells (Table 4). Lower numbers of Tohama I and CN 2992
adhered to the mucosa, particularly to mucus and damaged
epithelium, but these dierence were not significant.
Adenoid tissue seemed to be more susceptible to damage
and loss of ciliated cells than turbinate. B. pertussis caused
an increase in the levels of mucus on turbinate but not on
adenoid tissue. Although inoculating doses were similar for
BORDETELLA PERTUSSIS AND RESPIRATORY MUCOSA 797adenoid and turbinate tissue. the total number of bacteria
adherent to turbinate tissue at 24 h was higher than to
adenoid, although this was not significant.
Discussion
It is well recognized that B. pertussis colonizes the
respiratory epithelium and subsequently causes damage
and extrusion of ciliated cells (5,8). A large number of in
vitro and in vivo studies have been carried out on the
mechanisms of B. pertussis infection. This work has
involved whole animals, animal tissue, cell lines or cells in
suspension. B. pertussis is strictly a human pathogen, and
the organism adhered preferentially to human rather than
rabbit, mouse, chicken or hamster epithelial cells (7).
Therefore, it would be preferable to study its pathogenic
mechanisms using human tissue. Organ cultures oer the
best opportunity to study the interactions of bacteria with
an intact mucosa, and the presence of an air interface may
be important since culture medium can influence the
outcome of experimental infections (20,21).
The exact mechanism by which B. pertussis causes the
morphological changes noted during infection is unknown,
but it is thought to involve some of the biologically active
substances produced by the bacterium, such as FHA, the
69 kDa protein pertactin, pertussis toxin, tracheal cytotoxin
(TCT) and adenylate cyclase toxin. The results of the
present study are in agreement with other work, in that B.
pertussis had a tropism for ciliated cells, and infection
reduced the number of ciliated cells and caused damage to
the epithelium. Some important dierences between the
present study and previous work have been identified. B.
pertussis adhered preferentially to the ciliated cells of
hamster tracheal organ cultures at 24 h (14), mouse tracheal
organ culture at 48 h (15), and a suspension of human
respiratory epithelial cells after 3 h (9). However, we found
three sites of adherence for the initial interaction of B.
pertussis with the mucosa. The density of strain BP 536 on
mucus, ciliated cells and damaged epithelium at 025 h were
not significantly dierent. Within the first 24 h there was
almost a five-fold increase in bacterial density on ciliated
cells, which was significantly greater than mucus and
damaged epithelium at this time-point. The multiple sites
of bacterial adherence may be important since prior viral
infection or passive inhalation of cigarette smoke could
damage epithelium and delay mucociliary clearance thus
creating an opportunity for B. pertussis to colonize the
mucosa independent of adherence to cilia.
The increase in bacteria attached to cilia, compared to
mucus and damaged cells, may have occurred because
mucus can be cleared from the organ culture and damaged
cells are extruded from the epithelium, and both may be
lost during processing. Although there was an increase in
the amount of the organ culture surface occupied by mucus
in most turbinate experiments at 24 h, the results were not
consistent (BP536 results in Tables 1 and 3), and loss during
processing means that this is not a good model to assay
mucus production.B. pertussis were found primarily adherent to the base of
the cilia in both human turbinate and adenoid tissue. This
observation was similar to human respiratory epithelial
cells in suspension (9), whereas no obvious preference was
noted for the base, shaft or tips of the cilia of mouse trachea
(15). This may be due to a specific host–pathogen
interaction between the human cells and the bacteria. As
the numbers of bacteria increased with time in organ
culture, they were seen to spread up along the cilia, until at
96 and 120 h there were instances where the cilia were
almost obscured by bacteria. Bacterial adherence to cilia
caused disorganization of their spacial arrangement with
respect to each other. Cilia are normally parallel after
fixation, but in the presence of B. pertussis were bent in
dierent directions. Infection caused an initial decrease in
the number of ciliated cells during the first 24 h of culture,
which became singnificant at 72 h and 96 h, but some
ciliated cells persisted in the epithelium throughout the
120 h of the experiment. These remaining cells were densely
colonized by bacteria. Similarly there was extensive
shedding of ciliated cells from baboon tracheal rings after
12 h in culture (24). The eect of infection at later times was
not reported. B. pertussis-infected hamster tracheal rings
only had non-ciliated cells remaining after 72 h (14).
However, in mouse tracheal organ cultures no loss of
ciliated cells was observed over 48 h, even though the cells
were densely colonized by B. pertussis (15). The persistence
of some ciliated cells suggests a change in the production
of bacterial toxin during the experiment since the total
number of bacteria adherent to the mucosa continued to
increase.
The main components of B. pertussis to have been
associated with adherence are FHA and pertactin (9,11,25).
Pertussis toxin has been implicated in both adherence and
cell damage (13,26). In our study the proportion of the
epithelium covered by confluent layers of bacteria increased
during the 120 h of culture. The layers of bacteria were so
dense as to make it impossible to distinguish the underlying
mucosal feature. In most cases these layers could be
described as biofilms or clumps which were several bacteria
deep. This ability of B. pertussis to grow in clumps has been
attributed to the presence of FHA on its surface as multants
lacking FHA failed to form aggregates in culture (27).
TCT has been held responsible for damaging the
respiratory epithelium (6,16,18). There was a gradual
increase in the amount of damaged epithelium present on
turbinate tissue over 5 days of pertussis infection. Adenoid
tissue seemed more susceptible to damage than turbinate
tissue. The damage caused by B. pertussis was in the form of
extruded cells, both ciliated and non-ciliated. Basal cells
were visible, but seldom was damage so extreme that the
basement membrane was visible. An increase in the number
of dead cells, mitochondrial damage and cell extrusion was
seen in transmission electron micrographs of nasal epithe-
lial biopsy specimens from patients with confirmed
pertussis (6). Although ciliated cells in the infected organ
cultures seemed more sensitive to damage than unciliated
cells, both cell types were significantly reduced, but this was
not significant until 72 h. B. pertussis culture filtrate and
purified tracheal cytotoxin caused an increase in the
798 M. C. SOANE ET AL.number of extruded cells, a decrease in ciliation and
mitochondrial damage in both ciliated and non-ciliated.
human nasal epithelial cells after 60 h (6).
We have compared three dierent strains of B. pertussis
with respect to their eect on both turbinate and adenoid
tissue at 24 h. This time-point was chosen to investigate the
initial fall in ciliated cells and to determine whether the
initial tropisms of the strains were similar. Broadly speak-
ing, the three strains of B. pertussis behaved similarly, but
there were reduced numbers and no confluent bacteria on
adenoid tissue as compared to turbinate tissue.
The organ culture model described in this study provides
a useful in vitro system for studying the pathogenic
mechanisms of pertussis infection. Bacteria adhered to
multiple sites on the mucosa and caused damage to both
ciliated and unciliated cells. Ciliary disorganization which
follows bacterial adherence to cilia may be an important
factor, delaying mucocilliary clearance and thus causing
mucus to accumulate at an earlier time-point before
cessation o ciliary beating has occurred. B. pertussis
adherence to pre-existing epithelial damage may also be
important. Toxins released by adherent bacterial may
influence cell functions such as mucus production and
ciliary beating, as well as causing cell damage.
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